Syntheses, properties and structures of nanosized palladium CO/PR 3 -ligated homoand heterometallic clusters containing up to 165 metal atoms are the focus of this review. The work discussed is primarily that of the authors and their coworkers. We propose that the unparalleled variety of structural types and the distinctive reactivities of neutral Pd n (CO) x (PR 3 ) y clusters composed of zerovalent Pd atoms are a consequence of relatively weak Pd-L(ligand) and Pd(0)-Pd(0) interactions that result from the stable 5s 0 4d 10 closed-shell electron configuration of atomic Pd in its ground state.
Introduction
There are two primary reasons for our long-standing interest in the chemistry of transition metal carbonyl clusters: the intriguing nature of their stereochemistry; bonding and reactivities that results from metal-metal and metal-ligand interactions; and their potential applications. The unpredictability of their structures (still the rule, rather than the exception) and the aesthetic beauty of the nanosized clusters, especially those that have highly symmetrical multi-shell frameworks, also make them appealing.
The initial synthetic route to the late transition metal carbonyl clusters usually involves the reduction of their salts, either with CO or with other reductants in the presence of CO. Although these procedures appear to be simple, the preparation of individual compounds often requires rigorously controlled reaction conditions. The compounds obtained in this way are normally of low-to-middle nuclearity (3 ≤ n ≤ 10) and can serve as precursors for reactions that give rise to highnuclearity (nanosized) clusters. For metals of the Ni-triad, important starting compounds are [Ni 6 (CO) 12 ] 2− , Pd 10 (CO) 12 (PR 3 ) 6 , and [Pt 3n (CO) 6n ] 2− . These further reactions involve thermolysis and electrostatically driven electrophilenucleophile interactions, with the latter mainly pertaining to syntheses of *Authors for correspondence (mednikov@chem.wisc.edu; dahl@chem.wisc.edu).
One contribution of 13 to a Theme Issue 'Metal clusters and nanoparticles '. This journal is © 2010 The Royal Society heterometallic derivatives. In this review, we present the preparations, properties and molecular structures of primarily nanosized CO/PR 3 -ligated homopalladium clusters, along with the stereochemistry of similarly ligated heterometallic Au−Pd, Ni−Pd and Pt−Pd clusters. Among transition metal carbonyls, these neutral Pd n (CO) x (PR 3 ) y clusters and their heterometallic derivatives are particularly remarkable in terms of their exceptional range in metal nuclearity (crystallographically varying from n = 3 to 165) and the unusual diversity of their structural types. Since the last superb review (Femoni et al. 2006) , indicating the possible contribution of high-nuclearity metal carbonyl clusters in nanoscience and nanotechnologies, the number of palladium clusters has considerably expanded to include the following new members that possess one or more interstitial metal atoms: Pd 37 (CO) 28 {P(p-Tolyl) 3 (a) Syntheses of homopalladium Pd n (CO) x (PR 3 ) y , n ≤ 10, via reduction of
Pd (II) precursors
Unlike nickel and platinum, palladium does not form discrete stable homoleptic carbonyl complexes/clusters in solution, and consequently, additional donor ligands such as phosphines are also required. The first reported trinuclear palladium clusters, 'Pd 3 (CO) 3 (PPh 3 ) 3 ' and Pd 3 (CO) 3 (PPh 3 ) 4 , were prepared either by reduction of Pd(acac) 2 with AlEt 3 under CO or by reaction of PdCl 2 (PPh 3 ) 2 with CO (Misono et al. 1969; Hidai et al. 1973) . Later, a general method was developed that used Pd(OAc) 2 as the precursor and CO in a dual role of reductant/ligand, together with controlled amounts of phosphine in aqueous-organic solvents under adjusted acidity Eremenko 1982 and references therein, 1983; Mednikov et al. 1984) , nPd(OAc) 2 + (x + n)CO + yPR 3 + nH 2 O −→ Pd n (CO) x (PR 3 ) y + nCO 2 + 2nHOAc, (1.1) n = 4, x = 5, y = 4; n = 10, x = 12, y = 6; n = 10, x = 14, y = 4.
This method is applicable for a variety of PR 3 ligands (for example, R=Alk= C 2 H 5 , n-C 4 H 9 , n-C 8 H 17 , n-C 12 H 25 ; R=Ar=C 6 H 5 , C 6 H 4 -p-CH 3 , C 6 H 4 -p-OCH 3 ) in affording two types of interconvertible Pd 4 and Pd 10 clusters. Trinuclear clusters, such as Pd 3 (CO) 3 L 4 (L=PAr 3 ), were also obtained, as well as the earlier reported 'Pd 3 (CO) 3 (PPh 3 ) 3 ', whose composition was crystallographically reformulated as a butterfly Pd 4 (CO) 5 L 4 (L=PPh 3 ); an analogue of the latter with L=PPh 2 Me was also obtained by reduction of Pd(NO 2 ) 2 L 2 with CO in CH 2 Cl 2 (Dubrawski et al. 1980) . The most important outcome of reaction (1.1) is the formation of new Pd 10 clusters in high yields (up to 80-90%). Xray crystal structures of those with L=PBu n 3 , namely, Pd 10 (CO) 12 (PBu n 3 ) 6 and Pd 10 (CO) 14 (PBu n 3 ) 4 , were determined by Slovokhotov and Struchkov (Mednikov et al. 1981 . Other neutral representatives of this family, all with L= PMe 3 , are Pd 6 (CO) 4 L 7 (Klein & Mager 1992) , Pd 7 (CO) 7 L 7 (Goddard et al. 1982) and Pd 8 (CO) 8 L 7 (Bochmann et al. 1987) .
Towards nanosized homopalladium clusters
(a) Conversions within the Pd n (CO) x (PR 3 ) y family
Investigations of the reactivities of the Pd 10 (CO) 12 L 6 clusters have given rise to the wide variety of nanosized clusters with Pd n nuclearities of n = 12-145. The relatively low cohesive energy of Pd (377 kJ mol −1 ) and the relatively weak coordination of CO and PR 3 ligands to Pd(0) (in contrast to that of zerovalent Ni and Pt) greatly facilitate cluster growth. In fact, Pd n (CO) x (PR 3 ) y with n = 4, 10 are stable only under a CO atmosphere. The replacement of CO over solutions of Pd 10 (CO) 12 L 6 with an inert gas (e.g. N 2 , Ar) triggers its spontaneous conversion into Pd 23 (CO) 20 L 10 for L=PEt 3 (yield, 15%) and PMe 2 Ph (approx. 7%) (Mednikov et al. 2005a) . The structure of the Pd 23 cluster (L=PEt 3 ) (figure 2) is discussed later in this article. Thermolysis reactions, either with or without the use of reagents that bind CO/PR 3 ligands, significantly increase the yields of Pd 23 (CO) 20 L 10 , L=PEt 3 , PBu n 3 , PMe 2 Ph. A series of Pd n clusters (12 ≤ n ≤ 145) were prepared in this way. Cluster growth is affected by a number of factors, if not all possible ones, such as the composition of the precursor, the type and concentration of the deligation reagent, the duration of the reaction, the dynamics in the removal of liberating CO, the temperature and the solvent. Nevertheless, a number of sufficiently selective pathways have been uncovered (table 1) . Deligation reactions from Pd(0) include the following:
(a) acid/base 
Controlled cluster growth may be achieved via (i) combined application of reactions (a) and (b), (ii) changes in the concentrations of deligating reagents, and (iii) variation in the nuclearities of the Pd n precursor, Pd 4 or Pd 10 . Complementary pathways involve generation of reactive 'naked' (highly coordinatively unsaturated) [Pd] species in situ (equations (2.7) and (2.8)) that, (Tran et al. 1998 (Tran et al. , 2001 (Wittayakun 2000) .
Spectroscopic characterizations
Infrared spectroscopy was found to be a convenient, reliable method for identification of many Pd n (CO) x (PR 3 ) y clusters, n < 40, for which X-ray crystal structures have been obtained. In contrast to Ni and Pt carbonyl clusters that conventionally possess terminal CO ligands, all CO/PR 3 -ligated homopalladium clusters, with the exception of Pd 10 (CO) 2 (m 2 -CO) 8 (m 3 -CO) 4 Identification by IR spectroscopy of Pd n clusters with n >50 is greatly hindered by the pseudosimplicity of the spectra, which usually have one band (often broad), with or without shoulders, as illustrated by entries 18-23 in table 2. Nuclear magnetic resonance (NMR) spectroscopic studies of Pd n clusters in solution have been carried out mainly on 31 P nuclei, because of both accessibility and informativeness. These data can be roughly classified into two groups: those with solution spectra matching the corresponding solid-state structures (table 3, entries 1-9), and those that do not (table 3, entries 10-11). Owing to the low solubilities or small yields of Pd n>60 clusters, as well as what we assume may involve ligand migration, their NMR spectra are either unavailable or non-interpretable in a clear-cut way. 
(t, insufficiently resolved) 2+ at E 1/2 = 0.08 and 0.32 V, respectively (versus Ag/AgCl; Mednikov et al. 2005a) . After several cycles, the formation of Pd 23 (CO) 20 (PEt 3 ) 8 (denoted as Pd 23 P 8 ) was detected. The Pd 23 P 8 cluster, which has two less phosphine ligands than its precursor, has a totally different structure, namely a highly deformed body-centred cubic geometry rather than the facecentred cubic (n 2 -octahedral) geometry of Pd 23 P 10 (Mednikov et al. 1987b (Tran et al. 2004a ). This latter Au 2 Pd 21 cluster exhibits a CV consisting of two reversible one-electron reductions (E 1/2 = −1.19 and −1.42 V) and two reversible one-electron oxidations (E 1/2 = −0.05 and 0.28 V). Therefore, the total electron capacity of the isostructural 23-atom Pd 23 or Au 2 Pd 21 clusters possessing a capped n 2 -octahedral geometry changes over a range of six electrons from 288 for [Pd 23 (CO) 16 in THF showed no reductions out to −2.8 V and no oxidations out to +1.0 V (Tran et al. 2001) .
Structural features and resulting implications
The observed structures of high-nuclearity transition metal carbonyl clusters (n > 10) and, in particular, palladium CO/PR 3 -ligated ones are the result of an energetic compromise between two trends: (i) maximization of M−M connectivities in a metal core (that per se leads to spheroidal-shaped geometries) and (ii) energy gain due to accommodation on the cluster surface of a certain number of ligands with certain steric requirements. Obviously, the concentrations of either the CO or PR 3 ligands play a critical role in cluster growth (vide supra). The steric/electronic properties of the PR 3 ligands per se are another factor that affects the metal-core shape and resulting metal nuclearity.
The PEt 3 ligand gives rise to the most diverse family of homopalladium Pd n (CO) x L y clusters, ranging in numbers of metal atoms per molecule from 4 to 145. Eleven distinctly different nanosized metal cores have been obtained; these include ones with face-centred cubic (FCC), commonly known as cubic close-packed (CCP) that are represented by Pd 23 (CO) 20 12 cluster, which has a distorted interior Pd 4 tetrahedron, possesses a highly irregular core geometry and hence was not assigned to any of the above-mentioned structural types (Mednikov et al. 1987a) .
Structures with cubic close and cubic close/hexagonal close packing (a) General comments
The first example of a CCP Pd metal core was found in a monoclinic crystal form of Pd 23 (CO) 22 (PEt 3 ) 10 (Mednikov et al. 1986) (Mednikov et al. 1987b) . Nevertheless, the formation of the Pd 23 P 8 cluster can be rationalized if one takes into account the more spheroidal shape of its metal core. Indeed, the accommodation of a smaller number of PEt 3 ligands about the metal framework with the same 23 Pd atoms requires the rearrangement of its shape in order to shrink the resulting surface for an effective protective-ligand coating. The two highly dissimilar Pd 23 core geometries were shown conclusively from a 31 P{ 1 H} NMR study to interconvert reversibly into each other (equation (6.1)) (Mednikov et al. (
d) 'Twinned' structures: cluster-growth patterns and yields
The geometry of Pd 30 (CO) 26 (PEt 3 ) 10 is closely related to that of Pd 23 P 10 (Mednikov et al. 2003b) . Its Pd 30 metal core of C 2h symmetry with a maximum dimension of 1.1 nm is composed of two interpenetrating centred Pd 13 cuboctahedra, which form a 'twinned' Pd 2 -centred Pd 20 bicuboctahedron with six common Pd atoms ( figure 5 ). This Pd 20 bicuboctahedron is capped on six of eight square faces by six Pd atoms (four Pd(eq) and two Pd(ap)) and additionally edge-bridged by four (exopolyhedral) wingtip Pd atoms. These six additional Pd atoms give rise to a Pd 26 CCP fragment with an a(Pd 6 ) b(Pd 7 ) c(Pd 7 ) a(Pd 6 ) atom sequence. Ten PEt 3 ligands are distributed among six square-capped Pd atoms and four wingtip Pd atoms.
The Pd 54 (CO) 40 (PEt 3 ) 14 cluster of crystallographic C i (1) site symmetry was isolated together with Pd 30 (Mednikov et al. 2003b) . Its metal-core architecture consists of a Pd 20 bicuboctahedron identical to that in Pd 30 , thereby suggesting a similar aggregation pathway. However, further condensation of the next 20 Pd atoms gives rise to a Pd 40 fragment with mixed HCP/CCP stacking layers of a(Pd 5 ) b(Pd 10 ) a(Pd 10 ) c(Pd 10 ) a(Pd 5 ), resulting in encapsulation of six Pd atoms into a coplanar arrangement of four edge-fused equilateral triangles (figure 6a). The metal framework is completed by 14 additional face-capping Pd atoms, each having a PEt 3 ligand, to yield the final metal-core dimensions of 1.5 × 1.2 × 0.5 nm (figure 6b). Its structure contains 32 doubly and 8 triply bridging carbonyl ligands.
The two structurally related mixed CCP/HCP metal cores of Pd 52 (CO) 36 (PEt 3 ) 14 (possessing maximum and minimum metal-core diameters of 1.6 × 0.8 nm) and Pd 66 (CO) 45 (PEt 3 ) 16 (possessing a maximum diameter of 1.1 nm) contain the same central vertex-truncated CCP Pd 38 kernel (figure 7b) as that of the unknown n 3 Pd 44 octahedron (figure 7a; Mednikov et al. 2005b ). Although such Pd 38 and Pd 44 clusters are (as yet) unknown as distinct structural entities, analogous metal-core clusters of the congeneric Ni/Pt elements have been prepared and structurally analysed; these include the vertex-truncated Pt 38 core in [Pt 38 (Femoni et al. 2004b ). The common vertex-truncated Pd 38 kernel of O h symmetry in the Pd 52 and Pd 66 clusters encapsulates six octahedrally arranged Pd atoms and possesses six {100} square Pd 4 faces and eight {111} centred hexagonal Pd 7 faces (figure 7b). In both structures, condensation of the remaining Pd atoms occurs only on the {111} Pd 7 faces via formal attachment of Pd-capped n 2 Pd 7 triangles. In the Pd 66 cluster, four such fragments are condensed on four tetrahedrally oriented faces, whereas in the Pd 52 cluster, condensation occurs on the two opposite faces. The decisive step is the sterically predetermined condensation of the second n 2 Pd 7 triangle that must occur only on the opposite face (as in the Pd 52 cluster) or on any of the three symmetry equivalent tetrahedrally oriented faces of the Pd 38 kernel (as in the Pd 66 cluster). The probability of the condensation of this second Pd 7 fragment on one of the latter sterically nonhindered faces of the Pd 38 kernel is three times greater than on the opposite face, thus statistically favouring the formation of the Pd 66 cluster over that of the Pd 52 cluster (figures 8 and 9). This formal construction scheme is consistent with the observed good yield and reproducibility of the Pd 66 cluster versus the low yield and problematic synthesis of the Pd 52 cluster.
The total eight-layer metal-core stacking sequence of crystallographic C 3i (3) symmetry in the Pd 52 cluster is a(Pd) b(Pd 6 ) a(Pd 7 ) b(Pd 12 ) c(Pd 12 ) a(Pd 7 ) c(Pd 6 ) a(Pd) with eight interior Pd atoms arranged in a trans-bicapped octahedron. In the C 3v Pd 66 cluster, the metal-core stacking sequence, in which 10 Pd atoms of a tetrahedrally capped octahedron are encapsulated, depends on the 111 direction: along the proper C 3 -axis it is abacba, while along the three other symmetry equivalent 111 directions, it is ababca. hexagon by a Pd-capped n 2 Pd 7 P 4 triangle. Thus, the cluster growth is terminated along the 111 directions due to effective shielding by four phosphine ligands 5− cluster (Femoni et al. 2004a) , in which an Ni 3 triangle is attached to a Pt-centred Pt 4 Ni 3 hexagon of the Pt 17 Ni 21 kernel. In the Pt/Ni-disordered [Pt 24 Ni 32 (CO) 56 ] 6− cluster, all six {100} square faces of the original Pt 38−x Ni x kernel are capped by Ni atoms; therefore, the observed further condensation of two Ni 5 Pt n 2 triangles invariably occurs on open n 3 -triangle faces, namely two opposite ones (Femoni et al. 2004a) .
Concerning the coordination of bridging carbonyls, it should be noted that, in some structures, the borderline between m 2 -CO and m 3 -CO modes is blurred, thereby hampering a definitive assignment.
A rare case of a charged CO/PR 3 -ligated nanosized homopalladium cluster is exemplified by the [Pd 29 (CO) 28 (PPh 3 ) 7 ] 2− dianion, in which the metal framework of pseudo-C 3v symmetry encapsulates one interior atom in the third layer of a mixed HCP/CCP a(Pd) b(Pd 3 ) a(Pd 10 ) c(Pd 15 ) sequence (figure 10; Kawano et al. 2001) . − monoanion, were prepared under basic conditions from reactions of Au(PPh 3 )Cl with either Pd(PR 3 ) 2 Cl 2 or Pd 10 (CO) 12 (PEt 3 ) 6 (Tran et al. 2004a) . The central interior position in both clusters is occupied by gold; in the Au 2 Pd 21 cluster, the second gold atom is in an apical position in the centred Au 2 Pd 17 n 2 octahedron. (Kawano et al. 1996 ). The pseudo-T d Pd 16 Ni 4 core is composed of a n 3 tetrahedron with Ni atoms at the four vertices ( figure 12 ). The pseudo-D 3h Pd 33 Ni 9 core can be envisioned as a five-layer structure of three alternating centred 10-atom Pd 7 Ni 3 n 3 triangles (with Ni atoms at corner positions) and two six-atom n 2 Pd 6 triangles as follows: a(Pd 7 found in the C 3 symmetry cluster Pd 16 (CO) 13 (PR 3 ) 9 with R=Me (Tran et al. 2001) , Et (Mednikov et al. 1991) , both augmented with three wingtip Pd atoms (figure 17) and in the heterometallic [Au 2 Pd 14 (CO) 9 (PMe 3 ) 11 ] 2+ , containing a Pdcentred icosahedron, Au 2 Pd 11 , with an edge-condensed Pd 5 trigonal bipyramid (Copley et al. 1995) (Tran et al. 2001) . In all three structures, a Pd-Pd bond between two interior atoms in each DI is also the edge of the encapsulated fragment that gives rise to a Pd 3 triangle in Pd 37 , a Pd 4 tetrahedron in Pd 29 Ni 3 and a Pd 5 trigonal bipyramid in Pd 35 . The versatile PEt 3 ligand also stabilizes the interpenetrating icosahedra in Pd 34 (CO) 24 (PEt 3 ) 12 (Belyakova & Slovokhotov 2003) ; its Pd 26 kernel with an interior Pd 4 tetrahedron of four centred II that consist of six DIs is similar to that found in Pd 29 Ni 3 . Icosahedral building blocks in all of the aforementioned structures are distorted owing to large dispersions (approx. 0.3-0.9 Å) in tangential Pd cage -Pd cage distances. Much less variations occur between radial Pd i -Pd cage connectivities that preserve the coordination number of 12 for each interstitial Pd i atom within its icosahedral environment. Tran et al. 2004b) . Furthermore, the three Pd 3 atoms of the Au 2 Pd 3 trigonal bipyramid are equatorial and are the centres of the three II analogous to those in Pd 35 . However, the coordination number of each of the two central gold atoms lying in apical positions is 13 instead of the classic 12. These two geometrically unprecedented 13-vertex Au-centred (m 13 -Au)Pd 13 polyhedra are face fused into the (m 13 -Au) 2 Pd 23 fragment and related by a pseudo-s h mirror plane passing through their common face of three equatorial Pd 3 atoms of the Au 2 Pd 3 kernel. The entire Au 2 Pd 41 framework includes this (m 13 -Au) 2 Pd 23 fragment, which in turn is interpenetrated with three DI, Au 2 Pd 21 (formed from three interpenetrating (m 12 -Pd)Au 2 Pd 10 icosahedra) and completed with 12 capping Pd atoms.
(b) Cluster growth and analogy with double icosahedron models for charged Ar clusters
Of prime significance is that the number of atoms in the centred interpenetrating DI kernels of the Pd 37 , Pd 29 Ni 3 and Pd 35 clusters (vide supra) are exactly the same as those found (for that range) for dominant atom peaks of 23, 26 and 29 in the mass spectrum of charged argon clusters generated under low-temperature free-jet expansion (Harris et al. 1984) . The growth pattern of interpenetrating DI, which gives rise to such numbers (depicted for Pd in figure 15 ), was proposed on the basis of maximization of connectivities between neighbouring atoms (Farges et al. 1985 (Farges et al. , 1988 • for PPh 3 and P(p-Tolyl) 3 are identical) encapsulates only one metal atom and therefore inevitably adopts an extended surface. The cluster is also CO enriched in order to protect the large metal-core surface, which has the relatively fewer number of PPh 3 ligands.
Structures with face-fused centred icosahedra
Two and three face-fused centred icosahedra of Pd 23 and Pd 33 were found in Pd 39 (CO) 23 (PMe 3 ) 16 (Tran et al. 2001) and Pd 69 (CO) 36 (PEt 3 ) 18 (Tran & Dahl 2003) , respectively. The former cluster, which is completed by condensation of 16 Pd atoms on its centred face-fused Pd 23 biicosahedron, possesses an encapsulated trigonal bipyramidal Pd 5 fragment, which is deformed from pseudo-D 3h to a bent pseudo-C 2v geometry ( figure 19 ). In the Pd 69 metal core, three centred icosahedra are face-condensed via opposite faces. The middle icosahedron in the resulting linear Pd 33 triicosahedron is surrounded by a cyclic Pd 30 hexagonal tube composed of six Pd 7 centred hexagons each sharing their opposite edges. The remaining six Pd atoms cap six square faces between the Pd 33 triicosahedron and the hexagonal Pd 30 tube (figure 20). The interior fragment consists of 15 Pd atoms including the entire middle icosahedron and two centred Pd atoms from two neighbouring icosahedra. The maximal length/width dimensions of the Pd 69 nanosized metal core are 1.35 × 0.92 nm.
Other structural types involving centred icosahedral units or their fragments
In Pd 59 (CO) 32 (PMe 3 ) 21 of pseudo-D 3 symmetry (Tran et al. 2001) , two centred icosahedra (m 12 -Pd)Pd 12 are separated by a Pd 3 triangle (figure 21). Due to the staggered orientation of the latter middle triangle, the resulting Pd 29 fragment can be viewed as a Pd 9 bioctahedron face-fused along its threefold axis with two centred icosahedra. An additional 27 Pd atoms are attached to this Pd 29 fragment as face-fused octahedra and face-fused square pyramids. Each of the remaining three Pd atoms is connected to 10 Pd atoms and located on a twofold axis. The maximum linear size of the Pd 59 core along the principal threefold axis is approximately 1.3 nm. (Mednikov & Dahl 2005) . The Au 4 kernel in the Au 4 Pd 32 core may be considered as a highly distorted tetrahedron of pseudo-D 2 symmetry such that the three pairs of opposite equivalent edges are 2.64 Å (strongly bonding), 2.89 Å (secondary bonding) and 3.51 Å (non-bonding). Its geometry is predetermined by an icosahedral-based multi-twinned 36-atom metal framework of Au 4 Pd 32 ( figure 22) . The entire metal core may be viewed to arise from the specific interpenetration of two highly distorted double icosahedra each with one missing atom in its inner pentagon, i.e. Au 2 Pd 16 , that is completed by four edge-bridged and two tetracapped Pd atoms.
A totally different polyicosahedral growth-sequence based on vertexshared centred icosahedra, instead of interpenetrating or face-fused centred icosahedra in Pd n (CO) x (PR 3 ) y clusters (vide supra), was earlier established for halide/phosphine-ligated Au−Ag and Au−Ag−M clusters (where M=Ni, Pd, Pt denote centred icosahedral M atoms; Teo & Zhang 1995) . Nevertheless, the minimal (2 II, 1 DI) interpenetrating 19-atom unit is known for two nitrate/phosphine-ligated Au-Ag clusters, Au 12 Ag 7 (PMe 2 Ph) 10 (NO 3 ) 9 and Au 17 Ag 2 (PMe 2 Ph) 10 (NO 3 ) 9 (Nunokawa et al. 2005) .
Multi-shell or 'matryoshka'-like polyhedra of icosahedral symmetry
Two exceptional multi-shell clusters Pd 145 (CO) x (PEt 3 ) 30 , x ∼ 60 (Tran et al. 2000b) and (m 12 -Pt)Pd 164−x Pt x (CO) 72 (PPh 3 ) 20 (x ∼ 7) (Mednikov et al. 2007b) were isolated and their icosahedral multi-shell polyhedra unambiguously established by X-ray crystallography. The Pd 145 cluster was originally obtained from the reaction of Pd(PEt 3 ) 2 Cl 2 with Au(PPh 3 )Cl and later in higher yield • C. The similar geometries of the first three shells in these M 145 and M 165 clusters are composed of a centred icosahedron (m 12 -M)M 12 that is encapsulated by a 42-atom n 2 icosahedron, which in turn is surrounded by a 60-atom rhombicosidodecahedral cage (vide infra). This latter semi-regular polyhedron (i.e. more than one type of polygon) consists of 12 pentagonal, 20 triangular and 30 square faces. Its square faces in the Pd 145 cluster are capped with 30 Pd atoms, whereas in the M 165 cluster, both the square and triangular faces are occupied by capping atoms to form the fourth shell, namely, a 50-atom n 2 pentagonal dodecahedron (figure 23). The total number of approximately eight Pt atoms in the M 165 crystals was obtained from an X-ray Pt/Pd microanalysis and is in accordance with the crystallographic data that revealed the central atom to be pure Pt, with the others distributed among the first three shells as follows: first shell with Pt x Pd 12−x cage, x ∼ 1.2; second shell with Pt x Pd 42−x cage, x ∼ 3.5; and third shell with Pt x Pd 60−x cage, x ∼ 2.2.
There are several important stereochemical features that should be emphasized. The shells above the 55-atom two-shell icosahedron in both clusters are atomdeficient. In fact, the third shell, if it were in accordance with the proposed normal icosahedral growth (Mackay 1962) , should be a 92-atom n 3 icosahedron arising from an edge-capping/vertex arrangement (upon all n 2 triangles of the second shell) with an abca CCP sequence along threefold axes. Instead, the third shell in the Pd 145 and M 165 clusters is formed by face-capping of three threefold related triangles in each of the 20 icosahedral M 6 faces of the second shell (abcb (CCP-HCP)-sequence) that gives rise to a 60-atom polyhedron of the so-called twinned or anti-Mackay arrangement (Farges et al. 1986 (Farges et al. , 1988 Northby 1987; Doye & Wales 1997) .
Geometrically, encapsulation of the second 42-atom shell by an atom-deficient 60-atom shell inevitably requires elongation of at least one-half of its M-M connectivities. Indeed, in the M 165 cluster, all 120 M-M edge connectivities of its M 60 Archimedean polyhedron are 3.0 Å, which noticeably exceeds the normal Pd-Pd bond length of 2.7-2.8 Å. On the other hand, in the Pd 60 polyhedron of the third shell of the Pd 145 cluster, only 60 pentagon/square edges are elongated up to 3.1 Å, whereas the other 60 triangle/square edges are 2.8 Å. The observed rectangular geometry of all 30 tetragons makes the Pd 60 polyhedron non-Archimedean (by definition) but yet with retention of pseudo-I h symmetry.
Formation and stabilization of the 50-atom n 2 pentagonal dodecahedral fourth shell in M 165 is induced by relatively bulky PPh 3 ligands (versus smaller PEt 3 ligands in Pd 145 ) providing an effective protection. This shell, in turn, creates an equalizing effect on tangential connectivities in the previous M 60 shell. Its 20 vertex Pd atoms with attached PPh 3 ligands cap triangular faces of the Archimedean M 60 cage, whereas the remaining middle-edge atoms cap 30 square faces. This 50-atom pentagonal dodecahedral shell is even more atom-deficient, but amazingly regular with the narrow range of Pd-Pd distances, i.e. 3.07-3.11 Å; average, 3.10 Å. Its large open pentagons with the edge length of 6.2 Å give rise to the overall dimple-ball shape of the M 165 metal core and greatly facilitate the intershell CO-bridged coordination.
The pseudo-I h symmetry of the Pd 145 and M 165 clusters may also be viewed as five-shell and six-shell n 1 polyhedra, in which all atoms in each shell occupy equivalent vertex positions and therefore are equally distanced from the central atom (Alvarez 2005) . In this way, the M 165 cluster may be alternatively designated as Pt@M 12 (icosahedron)@M 30 (icosidodecahedron)@M 12 (icosahedron)@M 60 (rhombicosidodecahedron)@M 30 (icosidodecahedron)@M 20 (pentagonal dodecahedron). The maximum diameters of the Pd 145 and M 165 metal cores are 1.65 and 1.73 Å, respectively.
Conclusions
The astonishing diversity of structural types and distinguished reactivities of large palladium carbonyl clusters stabilized by PR 3 ligands are proposed to be a consequence of the relatively weak Pd-L and zerovalent Pd-Pd bonds. In fact, because of the 5s 0 4d 10 closed-shell ground-state configuration of atomic palladium, the Pd(0)-Pd(0) interactions are the weakest among the zerovalent metals of the Ni triad coupled with normally weak Pd(0)-CO bonding (Mednikov & Dahl 2009 ). In sharp contrast to normally strong Ni-CO and Pt-CO bonding, the relatively weak Pd-CO bonding may be readily ascribed to small metal-to-ligand electron transfer involving greatly reduced CO back bonding. Yet, the controlled growth of many of these clusters is realized via the appropriate choice of deligation reagents, as well as thoroughly adjusted reaction conditions. Complementary synthetic pathways include fragmentation and comproportionation reactions, and spontaneous growth via disproportionation reactions. Regardless of the synthetic methods employed, the nuclearity and shape of the products are dictated by both kinetic conditions and steric/electronic properties of PR 3 ligands. For many of these clusters, reasonably good yields were ultimately achieved by optimization of the reaction conditions and, in some cases, by the structure-to-synthesis approach involving the designed use of different structurally suggested synthetic pathways.
